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The formation of a rich cluster Credit: V. Springel 
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The fraction of galaxies in clusters 
De Lucia et al. 2012 
Where are most of the galaxies today and at higher redshift?  
 
If we define as “clusters” haloes more massive than 1014 Msun, only ~10% 
of the cosmic galaxy population resides in clusters at z=0. The fraction 
decreases with increasing redshift because more massive haloes form 
later.  
 
More massive galaxies tend to reside in more massive haloes. It is not 
generally true that “most galaxies reside in groups”, but this might well 
depend on the adopted definition. 
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Chiang et al. 2017 Protoclusters and the CSFRD 
At low-z galaxy 
clusters are 
dominated by 
passive 
galaxies.   
 
The high-z 
progenitors of 
a cluster today 
are lower mass 
(less special) 
haloes where 
active star 
formation is 
ongoing. 
 
The proto-cluster contribution to the cosmic star formation rate density 
increases from 1% at z=0 to ~50% at z=10, providing a significant 
fraction of the cosmic ionizing photons. 
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Contini et al. 2016 
z ~ 1.6 z ~ 3 
The extent of cluster progenitors 
The progenitor of local rich clusters extend over significant regions 
at higher redshift. The increase in activity of proto-cluster galaxies 
is due to the fact that most of them have not been accreted onto a 
more massive system yet (are centrals).  
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The fate of proto-cluster regions 
Chiang et al. 2013 
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The stochastic growth of haloes/galaxies 
De Lucia & Blaizot 2007 
Angulo et al. 2012 
The most massive haloes (galaxies) at 
higher redshift do not (necessarily) 
end up in the most massive haloes 
(galaxies) in the local Universe. 
 
Dispersion varies with redshift 
at which haloes (galaxies) are 
considered. 
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De Lucia et al. 2012 
The infalling history of cluster galaxies 
Small galaxies become 
satellites at all times, 
while the (few) most 
massive galaxies tend to 
become satellite later, 
and are typically 
accreted from relatively 
massive haloes. 
  
Down to ~4Gyr (z=0.4) 
the cluster mass grows 
significantly through the 
accretion of few 
relatively massive 
structures. At lower z, it 
grows mostly through 
small structure and 
diffuse accretion. 
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Haloes accreted onto the main progenitor 
of their parent halo at early times had 
relatively short orbital periods and have 
suffered from dynamical friction for 
longer times with respect to haloes of 
similar mass but accreted later.  
 
This correlation is also found for 
cluster galaxies. Therefore, a radial 
dependence of galaxy properties is 
(at least in part) natural 
consequence of the fact that galaxy 
mixing is incomplete during cluster 
assembly. 
 
Gao et al. 2004 
Radial trends within clusters 
De Lucia et al. 2012 
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A “history bias” to keep in mind 
As a consequence of structure formation: the fraction of galaxies that 
have resided in haloes more massive than Mhalo for a time longer than  
Thalo decreases when considering larger Mhalo and longer Thalo. 
 
Large halo-to-halo scatter that can explain (in part at least) the scatter 
measured for some properties of the galaxy populations of groups and 
clusters. 
 
De Lucia et al. 2012 
INAF – Astronomical Observatory of Trieste Gabriella De Lucia, Jul 17, ESO 
Long quenching time-scales for satellites 
De Lucia et al. 2012 
One can define a “probability to be quenched by environment”: 
f(r|sat) – f(r|cent) / f(b|cent) 
(assumes that the present population of centrals is representative of the 
progenitors of present satellite galaxies of the same stellar mass) 
van den Bosch et al. 2008 
Critical environment given by 1013 Msun 
haloes over 5-7 Gyr time-scale  
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Over-quenching of satellite galaxies 
Weinmann et al. 2006 
The fraction of blue 
(satellite) galaxies in 
the models (@2006) is 
below the observational 
data, more so in low-
mass haloes. 
 
This problem is shared 
by all models published 
in those years (see e.g. 
Fontanot et al. 2009).  
 
Is this due to an over- 
simplified treatment of 
the “strangulation”?   
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Quenching of satellite galaxies 
The GAEA(*) model suite assumes the 
hot gas is instantaneously stripped at 
the time of becoming satellite (~ 
crossing the virial radius).  
 
Most of the published models assuming a 
more sophisticated treatment of hot gas 
stripping show a better (but not good) 
agreement with data. 
 
Quiescent fraction determined by: 
 
(i)  amount of gas at the time of 
accretion 
(ii)  rate at which gas is reheated and 
blown out of satellites (it can get 
back only onto the central galaxy 
later on) 
(*) soon publicly available 
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Hirchmann et al. in preparation 
Quenching time-scales 
Longer time-scales for 
quenching are due to: 
  
(i)  Higher gas fraction at 
the time of accretion 
 
(ii)  Lower reheating rate 
with respect to older 
models (decreasing 
with redshift) 
Modifications of the 
“internal processes” can 
affect strongly the 
evolution of satellite 
galaxies.  
 
 
 No specific environmental processes (ram-pressure of cold gas) is needed 
other than strangulation? 
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Star formation in proto-clusters 
Contini et al. 2016 
Xie et al. 2017 
Improved models still suffer from an 
under-prediction of star formation at 
high redshift. This is not related to the 
treatment of satellite galaxies as trends 
mostly driven by central galaxies. 
 
Reflects in an under-prediction of 
star formation rates measured in 
proto-clusters. 
 
(Problem exist in current state-
of-the-art hydrodynamical 
simulations) 
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Final remarks 
ü  Our standard cosmological model for structure formation makes robust 
prediction for the assembly process of present day clusters. Proto-clusters 
extend over several tens of Mpc at z > 3 and are the sites of intense star 
formation activity. 
ü  Estimating if a given galaxy over-density will collapse and the mass of the 
descendant cluster requires large over-densities estimated over large areas 
using “complete” galaxy samples.  
ü  In a hierarchical framework, it is very difficult to disentangle the role of 
“nature” versus “nurture”. The observed trends for galaxies in clusters can 
be explained at least in part by hierarchical structure formation. 
ü  State-of-the-art theoretical models  tend to under-predict the level of 
star formation activity currently measured in proto-cluster regions (as well 
as in regions of average density). 
